Abstract. The main objective of this study is the application of the microwave measurement technique to determine electrical characteristics of material with complex permittivity values in a frequency range from 100MHz-10GHz. The measurement results represent the purification level of biodiesel compared to the results analyzed by Gas Chromatography (GC) technique (modified EN14103). The microwave sensor was created based on a simple strip line structure of a microwave transmission line which is filled with the liquid under test (LUT) samples. Scattering parameters have been measured using a vector network analyzer (VNA). After that, the complex permittivity values and impulse response using inverse Fourier transformation of the propagation coefficient have been calculated and compared with the results from GC analysis. The results of complex permittivity can be used to describe the behavior of LUT in terms of relative permittivity related to the stored energy and the dissipation of energy within the sample. The levels of purification of biodiesel are represented by the relative complex permittivity of the LUT. Another way to identify the level of purification uses the complex value of inverse Fourier transformation of the propagation coefficient. By doing this, the stored energy and the dissipation of the LUT can also be analyzed in time domain. Four biodiesel samples have been analyzed using the proposed sensor. The purification level can be obviously identified especially in a frequency range from 2 to 4 GHz.
Introduction
The purification of biodiesel is one of several factors to determine the quality of biodiesel products. In an industrial chemical process, the purification of biodiesel products is analyzed by the Gas Chromatography (GC) method (modified EN14103) [1] [2] which requires costly instruments [3] . The microwave measurement is another technique to characterize properties of material with a complex permittivity value which describes behavior of materials in the terms of stored and dissipated energies [4] [5] . A dielectric permittivity spectrum over a wide range of frequency is not constant. It depends on electrical properties, ionic and dipolar relaxation and atomic and electronic resonance of the material which are affected by temperature and frequency of the electric field. In a high frequency measurement, the permittivity values cannot be directly measured, but are calculated from scattering parameters [6] [7] [8] . Scattering parameters can be obtained from microwave measurement using a vector network analyzer (VNA), a microwave sensor and high frequency cables.
In order to measure dielectric properties of liquid-based materials, various sensor type and measurement techniques have been proposed in the literature [9] [10] . Prominent methods are based on transmission line theory [11] or reflection/transmission in a waveguide [12] [13] . However, the accuracy is limited especially in case of material with low dielectric constant and loss tangent [15] . Another techniques for liquid characterization is the cavity perturbation method based on a two port transmission/reflection measurement, this method provides high accuracy of the determined dielectric properties, whereas the main drawback is a limited bandwidth [16] [17] [18] .
The sensor proposed in this work was designed based on a transmission line model. The frequency range of the measurement was from 100 MHz to 10 GHz. The wide frequency band of investigation was chosen in order to determine the most significant frequency range for the sensing purpose of an unknown substance in the liquid under test. In fact, the wider the bandwidth, the more information about the content of the liquid under test can be obtained. As an application example, the proposed sensor and a VNA have been utilized in an experiment to determine the purification in percent of four biodiesel samples. The samples of biodiesel product were prepared by the Chemical and Process Engineering Laboratory at the Sirindhorn International Thai-German Graduate School of Engineering (TGGS), whereas the microwave measurement was carried out at the TGGS RF and Microwave Laboratory. The results of the calculation with four samples have been compared with the GC analysis. The purification levels of 75.48, 83.19, 86.76 and 96.89 percent have been investigated.
Microwave Sensor Model and Equations
The microwave sensor for the purification of biodiesel was designed based on a strip line model which is filled with the liquid under test (LUT) as the filling of the strip line. Geometries of the strip line are shown in Fig. 1 . The model of the sensor is represented by a circuit model of a transmission line represented by series resistor (R), shunt conductor (G), shunt capacitor (C) and series inductor (L) [19] as shown in Fig. 2 .
The ratio of the amplitude of voltage and current of a single wave propagating along the line is the characteristic impedance which is calculated by the transmission line model. The characteristic impedances of the transmission line and strip line models are given by Eq. (1) and (2) [20] . The characteristic impedance value is varied by the permittivity of the LUT contained as the filling of the strip line structure.
The sensor for biodiesel purification was designed using the optimal dimensions which provide the characteristic impedance of √ Ohm. In case of air-filled strip line, the characteristic impedance is 50 Ohm, for example. A picture of the sensor prototype is shown in Fig. 3 . 
Considering electromagnetic wave transmitting through and reflected from a sample surrounding a transmission line as shown in Fig. 4 , the reflection and transmission coefficient are expressed by scattering parameters, S11 and S21, as described in Eq. (3) and (4) . It can also be shown that S11 and S21 are related to the reflection and transmission coefficients by the Eq. (5) and (6).
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Measurement Setup
The measured scattering parameters are provided by a VNA. The measurement setup is shown in Fig. 5 consisting of the microwave sensor prototype, high frequency cables and a VNA. The frequency was swept from 100 MHz to 10 GHz. The LUT is fed into the sensor by hypodermic syringe and a flexible rubber tube. After finishing each sample, the sensor must be cleaned by feeding distilled water into the sensor and draining it out before a new measurement can be performed. Four LUT samples of biodiesel products with different purification levels of 75.48, 83.19, 86.76 and 96.89 percent have been investigated. 
Calculation of the Permittivity and Time Domain Analysis
The reflection and transmission coefficients of the sensor are related to electromagnetic wave transmitting through and reflected from a sample filled in the transmission line configuration as shown in Fig 
An alternative way for the characterization can be provided by applying Fourier transformation (FT) to the real part of the transmission coefficient. The wide frequency band of investigation is required in order to obtain a sufficient resolution of the Fourier transformation. The frequency domain is then transformed into another fictitious domain which represents significant difference among the LUTs with different purification. The FT equation are given by
In another way, the inverse Fourier transformation (IFT) into time (t) domain can also be performed (see Eq. (21)). The IFT result (see Eq. (22)) is the complex conjugate of the FT result (see Eq. (19) and (20)).
Simulation and Measurement Results
After conceptual design of the sensor with mathematical derivation in previous section, S21 of the sensor have been simulated using CST Microwave Studio for cases with various filling materials. The real part of S21 (Re{S21}) is then used for further analysis of the material property.
Simulation Results
The model of microwave sensor was optimized, created and simulated by CST. The space around the strip is filled by CST models of material which have different permittivity values. Three material models which are used in this simulation are air, water (first order Debye model) and a fictive dielectric material (dielectric constant = 3, tangent delta = 0.1 at 10GHz (first order Debye model [21] ). The simulated real parts of S21 in case of all filling materials in a frequency range from 100 MHz to 10 GHz are show in Fig. 6 . From the Fig. 6 , the dielectric constant and loss tangent of air are one and zero, respectively. For the Debye model of water, the dielectric constant is 78.4 at static electric field and the loss tangent is 0.9 at 10 GHz The amplitude of Re{S21} decreases with increased loss tangent of the material. The frequency difference between neighboring zero-crossing points decreases with increased dielectric constant of the sample.
Measurement and Calculation Results
Biodiesel samples with purification levels of 75.48, 83.19, 86.76 and 96.89 percent were filled in the strip line sensor. The scattering parameters, S11 and S21, were measured ten times for each sample. The measurement results of the S11 magnitudes for the samples with 75.48, 86.76 and 96.89 percent purification are shown in Fig.7 . The result of the 83.19 percent was intentionally left out because it cannot be well separated from the result with 86.76 percent. However, by zooming into a frequency range from 3 to 3.5 GHz as shown in Fig.8 Fig. 9 . In addition, because S11 is negligible, the transmission coefficient (T) in Eq. (6) is approximately equal to S21. Fig. 10 . The results confirm compatibility with Eq. (11) and are similar to the simulation results in Fig. 6 . The amplitude is obviously related to the dielectric loss and the distance between zerocrossings is related to the dielectric constant. Fig. 11 and 12 show the real and imaginary parts of complex relative permittivity values of LUT which are calculated by Eq. (11) to (17) . Calculated real and imaginary parts of complex relative permittivity are shown in Fig. 11 and 12 , respectively. Purification of biodiesel can be investigated using complex permittivity values, especially in the frequency range between 2 to 4 GHz. Considering the relative complex permittivity of the samples, the purification level is higher with higher real part of the complex permittivity. The same trend is also observed for the imaginary part. From the results shown in Fig. 11 and 12 , the purification levels of 75.48% and 86.76% show a slight difference of the complex permittivity. In case of the sample with 96.89% purification, the complex permittivity is significantly different to the sample with 86.76%. In order to obtain more information about the relationship between the permittivity and the purification level, measurements with more samples are required e.g. for the purification level between 86.76% and 96.89% as well as for values of lower than 75.48%
In addition, IFTs of the transmission coefficients for all cases were calculated. The IFT of the transmission coefficient consists of real (Re{IFT}) and imaginary (Im{IFT}) parts as shown in Fig. 13 and  14 , respectively. The zero crossing point t of Im{IFT} is directly related to the dielectric constant of the LUT (see Eq. 21) and the power stored in the material. The power dissipation in the material is represented by the peak amplitude of Re{IFT} at the time point t. For sensing of biodiesel purification, the zero crossing point t can be used. High value of t represents high power storage, high dielectric constant and high purification (see Fig. 16 ). From this result, we can conclude that high-purity biodiesel has normally high dielectric constant. In case of Im{IFT} the purifications of 75 and 86 do not show significant difference of the peak values (see Fig. 15 ). Therefore, this parameter is not appropriate for sensing of biodiesel purification. The values of t and peak magnitude of Re{IFT} are shown for all investigated biodiesel samples with different purification levels in Table 1 . 
Conclusions
The purification of biodiesel is directly related to its complex permittivity which can be calculated from the transmission coefficient. The real part of complex permittivity describes the power stored in the material which depends on the frequency. In a frequency range between 2 to 4 GHz, the level of purification can be mapped to the real part of complex permittivity. In the same frequency range, the level of purification can be characterized by power dissipation in the material which is described by the imaginary part of complex permittivity. The inverse Fourier transform (IFT) of real part of the transmission coefficient is another technique for biodiesel purification sensing. The results are in complex form which describes power stored and dissipated in the material in time domain.
The real part representing the energy dissipated in the material cannot clearly differentiate the purification level of 75.48, 83.19 and 86.76 percent. The parameter which is more appropriate for biodiesel purification sensing is the zero-crossing point in time domain of imaginary part. This parameter is directly related to energy stored in the material and the dielectric constant. High purity biodiesel sample shows high dielectric constant and large zero-crossing time of the imaginary part.
